Holin proteins are phage-induced integral membrane proteins which regulate the access of lytic enzymes to host cell peptidoglycan at the time of release of progeny viruses by host cell lysis. We describe the identification of the membrane-containing phage PRD1 holin gene (gene XXXV). The PRD1 holin protein (P35, 12.8 kDa) acts similarly to its functional counterpart from phage lambda (gene S), and the defect in PRD1 gene XXXV can be corrected by the presence of gene S of lambda. Several nonsense, missense, and insertion mutations in PRD1 gene XXXV were analyzed. These studies support the overall conclusion that the charged amino acids at the protein C terminus are involved in the timing of host cell lysis.
Holins are small integral membrane proteins required for host cell lysis by most double-stranded DNA (dsDNA) and dsRNA bacteriophages. Holin proteins act by permeabilizing the host cell cytoplasmic membrane, allowing the phage endolysin to reach its peptidoglycan target and determine the timing of host cell lysis (51) . Mutant holin alleles causing premature or delayed lysis have been isolated in the bacteriophage and T4 systems (27, (39) (40) (41) . The holin proteins characterized so far share a number of typical properties. Typically, holins have at least one putative ␣-helical transmembrane region and a highly charged hydrophilic C-terminal domain. Many holin genes have a dual-start motif that permits the synthesis of two products of different lengths: the effector and inhibitor forms of the holin protein (21, 51, 54) . The membrane permeabilization function seems to be nonspecific, as every heterologous holinendolysin pair tested has proven to be lytically competent (51) .
Bacteriophage PRD1 is a broad-host-range phage that infects gram-negative bacterial species such as Escherichia coli and Salmonella enterica carrying a receptor-encoding IncP multidrug resistance plasmid (38) . It is a member of the Tectiviridae family, a group of icosahedral bacteriophages with a linear dsDNA genome and an internal membrane component (2, 38) . The virion consists of a protective protein coat that surrounds the protein-rich lipid membrane, which in turn encloses the phage genome (1, 13) . The phage membrane is composed of approximately half lipid and half phage-encoded membrane-associated protein and has been proposed to function in phage DNA entry (1, 7, 16, 19, 20) .
As for typical lytic dsDNA phages, progeny virions are liberated from PRD1-infected cells via disruption of the host cell. Gene XV and complementation group A, which are involved in this process, have been identified by analysis of phage nonsense mutants (32) , suggesting that a two-component, holinendolysin system also operates in phage PRD1. The product of gene XV, protein P15, is a soluble ␤-1,4-N-acetylmuramidase that effectively degrades the peptidoglycan moiety of the gramnegative bacterial cell wall, causing lysis (14) . Earlier attempts to isolate PRD1 nonsense mutants yielded a total of six group A amber mutants that were deficient in lytic ability but not particle assembly. These mutants formed plaques with halos, and the lysis defect could be reversed by the addition of chloroform to the infected cells (32) . As the mutants were all leaky and showed enhanced plating on many of the complementation strains, the corresponding protein could not be identified (32, 35) . Similarly, amber mutants deficient in putative holin function have been isolated in the closely related tectivirus PR4, but the corresponding protein was not definitively identified (49) . A small membrane protein, P24, was proposed as the best candidate.
For phages without a membrane component, the identification of holin genes by sequence analysis is relatively straightforward, as usually only a small number of holin gene candidates have been observed. In the case of membrane-containing viruses, this approach may not be equally productive. The PRD1 genome contains 11 open reading frames (ORFs) without known functions, most of which are predicted to contain at least one transmembrane helix (7, 19) . Based on primary sequence analysis, PRD1 holin was assigned to ORF m. Accordingly, when transmembrane channel-forming proteins were classified into families, the identity of the PRD1 holin m family was established (42) . However, it has been shown that PRD1 ORF m corresponds to gene XVIII, encoding protein P18 (3, 19) . Protein P18 is needed for infectivity and functions in phage DNA entry (1, 20, 32) , making it improbable that P18 would be involved in membrane permeabilization. Cells infected with gene XVIII amber mutants are not defective for lysis.
As the original class A mutants deficient in holin function (32) were no longer viable and thus were no longer available for analysis, a new attempt to isolate and characterize PRD1 holin mutants was carried out.
MATERIALS AND METHODS
Bacteria, plasmids, and phages. The bacterial strains, phages, and plasmids used in this study are listed in Tables 1 and 2. PRD1 insertional mutants 13272, 13273, 13284, 13290, 13300, and 13315 were obtained from Harri Savilahti, Institute of Biotechnology, University of Helsinki, Helsinki, Finland. The insertional mutants were generated by Mu in vitro transposition technology in order to identify PRD1 genomic regions tolerant to transposition insertion and to recognize genes not obligatory for virus propagation. The exact sites of Mu insertion into ORF t in the PRD1 genome were revealed by sequencing (50) . Cells were grown in Luria-Bertani (LB) medium (43) , and when appropriate, ampicillin (150 g/ml), chloramphenicol (25 g/ml), kanamycin (25 g/ml), and/ or tetracycline (20 g/ml) was added. Cell growth and lysis profiles were monitored by measuring culture turbidity with a Klett-Summerson colorimeter. Infections of S. enterica cells were performed with a multiplicity of infection (MOI) of 6 to 10. In the case of E. coli hosts, considerably higher MOIs of 20 to 120 were used, due to the less efficient binding of PRD1 particles to these cells (28) .
For the production of wild-type (wt) and sus712 and sus715 mutant particles, DS88 cells were infected at an MOI of 6. Incubation at 37°C was continued until lysis occurred or, in the case of sus712 and sus715 mutants, for 2 h. Cells infected with mutant phages were collected by centrifugation (Sorvall GS3 rotor, 2,440 ϫ g, 8 min, 4°C), resuspended in 20 mM K-phosphate buffer (pH 7.2) (1/100 of the original volume), and disrupted by a passage through a 0.375-in. French pressure cell (400 lb/in 2 ). The original culture volume was restored with the same buffer, and the lysate was cleared by centrifugation (Sorvall GS3 rotor, 10,800 ϫ g, 20 min, 4°C). Viruses were precipitated from lysates with polyethylene glycol 6000, purified in 5 to 20% rate zonal sucrose gradients followed by 20 to 70% sucrose equilibrium gradients, and collected by differential centrifugation as previously described (6) .
DNA manipulations. Plasmids pPR26 and pPR62 to pPR82 were constructed by amplifying the PRD1 genomic regions specified in Table 2 by PCR and inserting them into a low-copy-number plasmid, pSU18/19. In the case of pPR61, wt ORF t was transferred from pPR26 into the BamHI-HindIII site of pET32a for high-level protein expression. Plasmid pPR60 was constructed by transferring a 1,685-bp EcoRV-HindIII fragment containing the bacteriophage lambda late promoter pRЈ and gene S105 from pS105 (45) into the pET32a vector. All cloning procedures were performed by using standard molecular techniques (43) .
Isolation and mapping of phage mutants. For the isolation of holin mutants, wt PRD1 phages were plated on DS88 host cells in soft LB agar supplemented with ethidium bromide (15 g/ml). After overnight incubation at 37°C, the soft agar was removed from the plates and transferred to 500-ml flasks. Three milliliters of LB medium/plate was added, and incubation was continued for 2 h at 37°C. Debris was removed by centrifugation (Sorvall SS34 rotor, 7,600 ϫ g, 20 min, 4°C), and the supernatant was collected. In order to enrich for holin mutant phages, DS88 cells were infected with the resulting phage stock as follows. An overnight culture of DS88 cells was diluted 50-fold into 50 ml of LB broth and incubated at 37°C until the cell density was approximately 10 9 CFU/ml (170 Klett units). Cells were infected at an MOI of 0.5, and incubation was continued for 2 h with aeration. The culture was transferred to ice and incubated for 1 h to allow complete lysis of cells infected with wt PRD1. The remaining (nonlysed) cells were collected by centrifugation (Sorvall GSA rotor, 4,060 ϫ g, 10 min, 4°C), resuspended in 10 ml of 20 mM K-phosphate buffer (pH 7.2), and transferred into 14-ml polypropylene tubes (Falcon). One milliliter of chloroform (CHCl 3 ) was added, and the suspension was vortexed vigorously for 1 min. The aqueous and organic phases were allowed to separate, and the aqueous phase was collected and cleared by centrifugation (Sorvall SS34 rotor, 14,500 ϫ g, 20 min, 4°C). The amount of infectious virions in the resulting specimen was determined and used in the following infections. After the enrichment procedure was repeated five times, mutant viruses were isolated either based on their unusual plaque morphology or, in the case of amber mutants, by selecting them on suppressor and nonsuppressor host lawns as described previously (32) . Each mutant was purified by three consecutive rounds of single-plaque isolations before further analysis. The mapping of mutations was carried out by sequencing. Several ORFs (putative holin genes [ Table 2 ]) from the PRD1 amber mutant sus715 genome were cloned into pSU18/19 vectors and used as templates for sequencing reactions to identify the TAG amber codon. In addition, fragments containing nucleotides 12535 to 13692 from the genomes of PRD1 mutants H1, H3, H4, and H9 and nucleotides 12984 to 13337 from the genomes of PRD1 amber mutants sus711, sus712, sus714, sus716, and sus718 were cloned and sequenced. All sequencing reactions were performed with an automated sequencer (PerkinElmer ABI Prism 377XL) at the DNA Synthesis and Sequencing Laboratory, Institute of Biotechnology, University of Helsinki.
Electron microscopy. For thin-section electron microscopy, S. enterica DS88 cells were grown to a density of 10 9 CFU/ml and infected with H1, H9, sus712, or sus715 phage stock at an MOI of 10. Samples were taken at 100 min (H1) or 180 min (H9, sus712, and sus715) postinfection (p.i.) and fixed with 3% (vol/vol) glutaraldehyde in 20 mM K-phosphate buffer (pH 7.2). After a 20-min incubation at room temperature, cells were washed twice and prepared for transmission electron microscopy as described previously (4) . Micrographs were taken with a JEOL 1200 EX electron microscope operating at 60 kV (Electron Microscopy Unit, Institute of Biotechnology, University of Helsinki).
Analytical methods. Protein concentrations were determined by Coomassie brilliant blue staining with bovine serum albumin as a standard (12) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed as described previously (37) . The nucleotide sequence of ORF t was analyzed for helical transmembrane domains by using the prediction programs TMPRED (26) (http: //www.ch.embnet.org) and TMHMM version 2.0 (29, 46) (http://www.cbs.dtu .dk).
RESULTS
Bacteriophage PRD1 uses a two-component lysis system that is dependent on the host energy state. The addition of energy poisons like cyanide or dinitrophenol to infected cells triggers premature lysis in phage lambda-infected cells, as well as in other phage infections that employ a holin-dependent lysis system. A prerequisite for premature lysis is that an adequate amount of phage endolysin has accumulated in the cytosol (17, 51) . In the case of thermally induced cIts lysogens, an acute lysis event can be induced by cyanide addition at 30 min p.i., while normally lysis starts approximately 40 to 50 min p.i. (51, 53) .
A holin-endolysin system has been proposed to operate in bacteriophage PRD1 infections (19, 32) . We tested the dependence of the PRD1 lysis system on the host cell energy state by treating infected Salmonella cells with cyanide (KCN). In order to detect the presence of PRD1 endolysin (protein P15) in infected cells, corresponding samples were also treated with chloroform. The results are shown in Fig. 1 . Cells infected with wt PRD1 enter the lysis phase at approximately 45 to 50 min p.i. Premature lysis could be triggered by cyanide addition at 35 min p.i., and when added just before the start of normal lysis, the lysis of cyanide-induced infected cells ensued instantaneously. The addition of cyanide at 25 min p.i. did not cause a (Fig. 1b) . These results indicate that a two-component lysis system, dependent on the energy state of the host cell, is functioning in PRD1-infected cells.
Isolation of PRD1 holin mutants. (i) Isolation of lysis-deficient mutants.
The established procedure to isolate phage mutants with holin defects is to infect cells at a low MOI and collect the cells that fail to undergo lysis (53) . Membranes of these cells are then chemically permeabilized by chloroform, allowing the phage endolysin to escape from the cytosol and reach the host cell peptidoglycan layer. As a consequence, cells infected with holin-defective phages lyse. As holins are not expected to interfere with particle formation, liberated holin mutant phages should be infectious and can be enriched by repeating the procedure.
PRD1 virions contain an internal membrane component, and as a result, CHCl 3 addition can be expected to have some effect on phage viability. Treatment with 10% CHCl 3 caused an ϳ85% reduction in the titer of wt PRD1 stock (from 1.8 ϫ 10
12 PFU/ml to 3.0 ϫ 10 11 and 2.4 ϫ 10 11 PFU/ml after 30 and 60 s of treatment, respectively). The remaining 15% infectivity was considered sufficient for mutant isolation. After the enrichment procedure was repeated twice, plaques with unusual morphology appeared, and after five cycles, their proportion had increased to approximately 10% of all plaques. Two different types of unusual plaque morphologies were detected: smaller-than-wt plaques (diameter of about 1 mm) and wtsized plaques (diameter of about 4 mm), both surrounded with turbid halos. Five plaques of each morphology group were isolated (H1 to H10), and four of the isolates (H1, H3, H4, and H9) then were chosen for further studies. Of these, H1 and H9 produced small plaques and H3 and H4 produced wt-sized plaques. For isolation of amber mutants, 900 plaques were picked from amber suppressor host lawns and plated on nonsuppressor host lawns. Among these, six amber mutants were recovered (sus711, sus712, sus714, sus715, sus716, and sus718) .
(ii) Isolated amber mutants have defective holin function. When propagated on nonsuppressor DS88 cells, amber mutants sus711, sus712, sus714, sus715, sus716, and sus718 did not result in lysis even if incubation was continued for 360 min p.i. Instead, the turbidity of the mutant-infected cell cultures increased similarly to that of the noninfected control culture. Thin-section electron microscopy showed that the cytoplasm of mutant-infected DS88 cells contained a large number of DNAfilled PRD1 particles (Fig. 2) , confirming that particle assembly was not affected. In all cases, CHCl 3 addition to mutantinfected cells at 40 min p.i. caused immediate lysis. To confirm the absence of holin function, we tested the ability of phage holin (S105 protein) to complement the lysis defect in sus712 and sus715mutants. As shown for sus715 in Fig. 3a , induction of S105 production from pPR60 led to lysis of mutant-infected cells. Similar results were obtained with sus712, indicating that the missing activity in sus712 and sus715 mutant infections can be restored by S105 protein and that PRD1 endolysin can cross membranes permeabilized by S105.
To examine the protein composition of mutant virions, sus712 and sus715 particles were purified from infected nonsuppressor DS88 host cells as described in Materials and Methods. When the mutant particles were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, no loss of or altered protein mobility was detected compared to wt particles. The specific infectivities of the purified sus712 and sus715 particles on suppressor hosts (1.6 ϫ 10 10 and 2.0 ϫ 10 10 PFU/ g of protein, respectively) were similar to that of wt PRD1 (1.9 ϫ 10 10 PFU/g of protein). Based on these results, we conclude that the amber mutations sus712 and sus715 do not affect particle assembly or infectivity but are targeted to a nonstructural protein(s) functioning in membrane permeabilization.
PRD1 gene XXXV encodes holin protein P35. (i) Identification of ORF t as the PRD1 holin gene. Similar to the case for previously isolated complementation group A mutants (32, 35) , the sus711 to sus718 mutants were leaky and could not be mapped by complementation analysis. As most of the PRD1 genes can now be assigned to a known function (5, 19) , the number of potential holin genes could be restricted to ϳ10. The small number of candidate genes allowed an alternative approach, mapping by gene sequencing. The holin gene candidates from the sus715 amber mutant were cloned into pSU18/19 and sequenced. The amber codon TAG was found in only one of the sequenced ORFs, ORF t. This result was verified by cloning and sequencing ORF t from all of the other isolated mutants. In the case of nonamber mutants with altered plaque morphology, a fragment that contained an additional 449 bp upstream and 355 bp downstream of ORF t was sequenced to reveal possible mutations in nearby noncoding regions. As shown in Table 1 and Fig. 4 , all mutants contained single base changes that were observed either in the coding region of ORF t or in its putative ribosome binding site (RBS) (7) . Two different mutations were observed among the amber mutants. In sus711, sus712, and sus714, a transition from G to A changed the codon TGG, encoding Trp67, to the amber stop codon TAG. In mutants sus715, sus716, and sus718, a similar TGG3TGA transition occurred at codon 8. In the H1 mutant, codon 81 GAT (Asp) was changed to TAT (Tyr), while in mutants H3 and H4, codon 77 TGG (Trp) was replaced by TGT (Cys). In the case of the H9 mutant, the coding sequence of ORF t was identical to that of wt PRD1, and in addition, a   FIG. 3. (a) Complementation of the PRD1 sus715 mutant with bacteriophage lambda gene S105. E. coli HMS174 cells carrying pPR60 encoding the late promoter and holin gene S105 were infected with wt PRD1 and sus715 mutant phages at an MOI of 20. At 120 min after infection, S105 protein production was initiated by inducing Q protein production from plasmid pQ with 1 mM IPTG (isopropyl-␤-Dthiogalactopyranoside) and 0.4% L-arabinose as described previous ly (23) G-to-A change at position 12976 that reduces the complementarity of the ORF t RBS to the host 16S rRNA was detected (Fig. 4b) . We propose, based on the results presented here, that ORF t corresponds to the complementation group A identified in earlier studies (32) and is associated with holin activity. According to PRD1 nomenclature, ORFs that have been confirmed to encode protein products are designated with Roman numerals (5, 7, 32) . Thus, we assign ORF t to gene XXXV encoding protein P35.
(ii) Protein P35 overproduction is lethal to E. coli. For overexpression purposes, gene XXXV was inserted downstream of the T7 promoter of pET32a, resulting in the construct pPR61. When the production of P35 was induced in BL21(DE3)(pPR61) cells, culture turbidity ceased to increase at approximately 30 min after induction (Fig. 3b) . The determination of viable cell counts showed that by 2 h following induction, the amount of plasmid-containing cells decreased from 1.2 ϫ 10 8 to 7.3 ϫ 10 4 CFU/ml (0.06% of plasmidcontaining cells remained viable).
We also tested the effects of the coexpression of PRD1 protein P35 and bacteriophage T7 endolysin. Phage T7 endolysin is a natural inhibitor of T7 RNA polymerase (36) that can allow genes with relatively toxic products to be established in the same cell under the control of T7 promoter (in this case gene XXXV in pPR61 plasmid). T7 endolysin was expressed from plasmid pLysS, which provides only low levels of the protein. This is due to the fact that in pLysS, endolysin gene 3.5 is orientated in the opposite direction as the tet promoter (47). In the absence of membrane permeabilization, the T7 endolysin has little effect on cell integrity and growth. Instead, 60 min after induction, cultures of BL21(DE3)(pLysS)(pPR61) cells coexpressing PRD1 protein P35 and T7 endolysin showed signs of lysis (Fig. 3b) . No decrease in culture turbidity was detected when BL21(DE3)(pLysS)(pET32a) control cells were induced.
The lysis of induced BL21(DE3)(pLysS)(pPR61) cells indicates that phage T7 lysozyme can cross the host cytoplasmic membrane via the putative membrane lesion caused by P35.
Despite the lack of complementation with gene XXXV in plating assays, the lysis defect exhibited by sus712 and sus715 mutant-infected BL21(DE3)(pPR61)(pLM2) cells could be corrected by inducing P35 expression after infection, as is shown for sus715 in Fig. 3c .
Alterations in protein P35 cause variation in the rate of lysis. The potential effects of nucleotide substitutions on gene XXXV function were probed by infecting DS88 cells with H1, H3, and H9 missense mutant particles. Mutant phages sus712 and sus715 were analyzed with three different amber suppressor hosts, resulting in a variety of amino acid substitutions at codons 8 and 67 (Table 1 ; Fig. 4 ). In addition, six PRD1 insertion mutants (13272, 13273, 13284, 13290, 13300, and 13315) (50) generated with mini-Mu in vitro transposition technology were analyzed. These mutations cause truncations and/or small insertions in the C-terminal part of protein P35, some of which affect the total charge of the terminus (Table 1 ; Fig. 4 ). Similar to the case for H1 and H9 mutants, the insertion mutants produced smaller-than-wt plaques on standard DS88 host cells.
When the lysis curves of mutant-infected cells were determined, two different lysis phenotypes were detected (Fig. 5) . Premature lysis was seen in H3 mutant infections as well as in sus712-infected DB7154(pLM2) and PSA(pLM2) suppressor hosts. In all other cases lysis was delayed.
The titers of lysates obtained from H3 and H4 infections (2.6 ϫ 10 10 and 2.2 ϫ 10 10 PFU/ml, respectively) associated with the premature lysis phenotype were approximately 1 log unit lower than those of wt or H1 and H9 mutant lysates (2.5 ϫ 10 11 , 6.4 ϫ 10 11 , and 2.6 ϫ 10 11 PFU/ml, respectively). This shows that approximately 90% of PRD1 progeny particles are assembled in the last 10 to 15 min before lysis, which is in 
DISCUSSION
In this study, the bacteriophage PRD1 holin gene was identified and cloned, and mutant viruses deficient in holin function were isolated. It was demonstrated that the expression of gene XXXV and its protein product, P35, were essential for the membrane permeabilization step in host cell lysis. Many characteristics typical of holins are associated with PRD1 protein P35, a small (12.8-kDa) protein with two or three putative ␣-helical transmembrane domains and a hydrophilic C terminus. P35 expression is lethal to E. coli cells but does not cause lysis unless a peptidoglycan-degrading enzyme is coexpressed with it. In addition to PRD1 endolysin (1,4-␤-N-acetylmuramidase protein P15), P35 is also compatible with bacteriophage T7 lysozyme (gene 3.5 amidase) (25) . In the absence of P35 activity, the growth of PRD1-infected cells continues for several hours after infection, but immediate lysis can be induced with chloroform.
The lysis of induced BL21(DE3)(pLysS)(pPR61) cells caused by the combined synthesis of T7 endolysin and PRD1 protein P35 is not as immediate as the lysis of Salmonella cells infected with wt PRD1. This is probably due to the low levels of T7 lysozyme provided by plasmid pLysS. However, the amount of T7 endolysin produced seems to be sufficient to cause the difference in the P35 holin triggering times detected between induced BL21(DE3)(pPR61) cells (holin function detected at ϳ30 min after induction) and BL21(DE3)(pLysS)(pPR61) cells (detected at ϳ60 min after induction) (Fig. 3b) . Higher levels of T7 endolysin provided by plasmids pLysE and pLysH are known to both increase the lag time and reduce the maximum level of expression of target recombinant genes cloned under the T7 promoter due to the inhibition of T7 RNA polymerase by T7 endolysin. Unlike the holin genes of lambdoid phages, which encode both the effector and inhibitor forms of holin protein (8, 11, 51) , PRD1 gene XXXV lacks the dual start motif. In addition, its position in the PRD1 genome differs from those of most other phage holin genes, which tend to be located in the immediate vicinity of the endolysin gene. In lambdoid phages, both the holin and endolysin genes are included in a lysis cassette that is under the control of a late promoter (51, 53) . In bacteriophage PRD1, the endolysin gene XV and holin gene XXXV are located at the opposite ends of the linear 15-kb genome. Gene XV is transcribed from an early promoter, P E131 , while the holin gene XXXV is located in the late operon OL3, which contains the genes encoding viral structural proteins (18, 19, 44) . The latter parallels the T7 phage, where the endolysin and holin production are temporally separated (25) . In PRD1, the OL3 genes are expressed from a double promoter, and the operon contains four potential transcription terminator hairpin loops (18) . The transcription terminators regulate the relative levels of proteins produced from OL3 so that the major capsid protein is favored over all other gene products of the operon. As all four hairpin loops are located upstream of gene XXXV, we hypothesize that a relatively small amount of protein P35 is produced during infection. A simple putative mechanism for the regulation of PRD1 lysis initiation might involve slow accumulation of P35 to a critical level, triggering the subsequent lysis event. This theory also is supported by the fact that efficient lysis cannot be induced by cyanide addition until ϳ35 min p.i., indicating the time point by which a sufficient amount of holin protein has accumulated in the cells. The majority of holins can be divided in two classes according to the number of predicted ␣-helical transmembrane domains (54) . Class I holins are 95 to 130 residues long and have three putative transmembrane domains. Class II holins are shorter (65 to 95 residues) and contain only two potential membrane-spanning ␣-helices (51, 54) . The hydrophilic C-terminal domain has been located in cytosol in the prototype holins of classes I and II, i.e., the S proteins of and phage 21, respectively (22, 51) . When PRD1 protein P35 was analyzed for ␣-helical transmembrane domains with the prediction programs TMHMM and TMPRED, two different models were obtained. Both programs detected membrane-spanning domains designated TM1 and TM2 (Fig. 4) . In addition, the TMPRED program predicted the presence of a third transmembrane helix at residues 63 to 83 (TM3 in Fig. 4 ). Both programs assign TM1 an out-in topology and assign TM2 an in-out topology. Based on the cytosolic location of the Cterminal domains of holin proteins and the size of P35 (117 amino acids), the class I holin model (three membrane-spanning ␣-helices, periplasmic N terminus, and cytoplasmic C terminus) seems more likely. However, a thorough biochemical and genetic analysis of P35 will be necessary to define its membrane topology.
The C-terminal domains of holins are highly hydrophilic and contain clusters of charged residues, with a positive overall net charge (10) . By constructing nonsense mutations of phage gene S, Bläsi and coworkers showed that as long as at least one basic residue is retained at the C terminus, truncated forms of S protein remained lysis proficient (10) . The C-terminal domain of S was proposed to serve as a reservoir of charge involved in the regulation of initiation of lysis. The timing of lysis initiation loosely correlates with the number of positively charged residues at the C terminus, with an increasing positive charge correlating to a delay in the onset of lysis (10) . The lysis curves of PRD1 mutants containing small insertions and truncations in the C-terminal part of P35 indicate the presence of a similar regulatory system in PRD1 (Fig. 5d) . The positive charge increase in the C-terminal part of P35 was associated with a delay in the onset of lysis. Two of the mutants, 13300 and 13315, that encode truncated forms of P35 (107 and 112 residues, respectively) but retain the wt net charge in the C terminus display wt lysis initiation. In addition, in the H1 mutant, the replacement of Asp 81 with Tyr leads to an increase in the net charge of ϩ1 for the C-terminal domain of protein P35. The lysis initiation in the H1 mutant was delayed, supporting a proposed role in regulatory function for the C terminus of protein P35.
The delay in lysis initiation detected in the H9 mutant infections is likely caused by decreased P35 production. The G-to-A transition detected in the Shine-Dalgarno sequence of gene XXXV makes it less complementary to the host 16S rRNA sequence and therefore probably hinders ribosome binding. In support of this, lysis initiation in H9 mutant-infected BL21 (DE3)(pPR61)(pLM2) cells was accelerated by induction of P35 production from pPR61 (Fig. 3c) .
A delay in lysis initiation was observed for the sus715 mutant, in which the amber mutation in tryptophan codon 8 was suppressed by insertion of serine, glutamine, or tyrosine residues, respectively, in the supD, supE, and supF hosts. Based on secondary-structure predictions, Trp 8 is located in the beginning of TM1 (residues 7 to 26). Replacement of a large hydrophobic residue with a hydrophilic one might impede the insertion of TM1 into the membrane and thus cause the observed lysis phenotype.
Here, we have assigned PRD1 holin function to P35, the protein product of gene XXXV. The PRD1 lysis system resembles those described for lambdoid phages, and the PRD1 holin defect can be overcome by the presence of lambda S protein.
These observations support the idea that holins are nonspecific membrane gates that under appropriate conditions make the plasma membrane permeable to peptidoglycan-digesting enzymes, leading to cell lysis. Intriguing questions remain concerning the regulation of lysis initiation and the mechanisms of membrane permeabilization by holin proteins. We obtained initial information along these lines by studying altered PRD1 holins, and we are applying electrochemical methods to describe, in more detail, functional alterations of the membrane permeability caused by PRD1 holin and its derivatives.
